
254

Reorganization of the Adult Auditory 
System: Perceptual and Physiological 
Evidence From Monaural Fitting 
of Hearing Aids

Kevin J. Munro, PhD

agreed definitions for these terms in the workshop
report, (Arlinger et al., 1996):

Auditory deprivation effect: the auditory deprivation
effect is a systematic decrease (over time) in audi-
tory performance associated with the reduced avail-
ability of acoustic cues.

Auditory acclimatization: auditory acclimatization is
a systematic change in auditory performance with
time linked to a change in the acoustic information
available to the listener. It involves an improvement
in performance that cannot be attributed purely to
task, procedural, or training effects. 

The special supplement contains a series of
review articles (along with the workshop report) that
provide a link between behavioral measures of audi-
tory function—the traditional domains of audiologists
and hearing scientists—and the neurophysiological
mechanisms that ultimately determine performance.
At the time of the Eriksholm Workshop, it was known
that neurophysiological changes of the central audi-
tory system (CAS) could be induced by hearing

I t is more than a decade since Stuart Gatehouse
organized the first Eriksholm Workshop (spon-
sored by The Oticon Foundation) focusing on

the topics of auditory deprivation and auditory
acclimatization after the fitting of hearing aids to
adults. This workshop was an occasion for analysis,
synthesis, and reflection of information and knowl-
edge on these two related topics. The outcome of
the workshop was published in a special supplement
to Ear & Hearing, edited by Stuart Gatehouse (1996).
Deprivation and acclimatization refer to the concept
that the ability to use auditory information may be
affected by listening experience: deprivation implies
that the absence of experience leads to a decline in
ability, whereas acclimatization implies that auditory
experience leads to an improvement in auditory abil-
ity. The members of the workshop produced formally

Changes in the sensory environment modify our sen-
sory experience and may result in experience-related
or learning-induced reorganization within the central
nervous system. Hearing aids change the sensory
environment by stimulating a deprived auditory sys-
tem; therefore, they may be capable of inducing
changes within the central auditory system. Examples
of studies that have shown hearing aid induced per-
ceptual and/or physiological changes in the adult
human auditory system are discussed. Evidence in
the perceptual domain is provided by studies that
have investigated (a) speech perception, (b) intensity

discrimination, and (c) loudness perception. Evidence
in the physiological domain is provided by studies
that have investigated acoustic reflex thresholds and
event-related potentials. Despite the controversy in
the literature concerning the rate, extent, and clinical
significance of the acclimatization effect, there is
irrefutable evidence that the deprived auditory system
of some listeners can be modified with hearing aid
experience.
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impairment, auditory stimulation, and sound condi-
tioning procedures, although there was no direct evi-
dence of hearing aid induced physiological changes in
the published literature. However, the insightful deci-
sion of the organizer to look beyond the boundaries of
a single research field means that the special supple-
ment provides the reader with access to a diverse set
of research literature that, even today, is not readily
available in any other form.

The purpose of this tutorial article is to bring
together examples of studies that have shown hear-
ing aid induced perceptual and/or physiological
changes in the adult human auditory system (see
Table 1). It includes studies that were published
before the Eriksholm Workshop, newer studies that
have been published subsequently, and preliminary
data from ongoing studies. The more recent experi-
mental studies have been motivated, at least in part,
by the research contained in the special supplement.
There is now, for example, tentative evidence of
hearing aid induced physiological changes in the
adult auditory system. These recent findings are
important because not only do they corroborate the
behavioral findings using objective test procedures,
but they also help us to understand the mechanisms
underlying the phenomena of auditory deprivation
and auditory acclimatization.

The earliest studies that investigated improve-
ments in performance following a period of hearing
aid use were often motivated by the clinical need to
know when is the best time to measure hearing aid
benefit (e.g., measure at the time of fitting or after a
period of hearing aid use), whereas many of the very
recent studies have been motivated by a desire to
understand the dynamic nature of the mature auditory
system. Taken collectively, studies show irrefutable
evidence that the deprived auditory system of some
listeners can be modified with the use of hearing
aid. This observation is consistent with the growing
body of literature which shows that the mature CAS
is malleable and is modified by experience.

This article relies substantially on the work of
Stuart Gatehouse and colleagues for several reasons:
(a) Because this special issue honors the memory of
Stuart Gatehouse, it is appropriate that his body of
work on auditory acclimatization is discussed in its
entirety, (b) many of the most robust experiments on
auditory acclimatization were conducted by Stuart
Gatehouse and colleagues, and (c) the tutorial is sim-
plified by focusing on studies reporting only within-
subject comparisons, and this was a feature of the
Gatehouse acclimatization studies.

Almost all of the studies discussed in this article
used participants who were elderly listeners with a
symmetrical hearing impairment but fitted with a
monaural hearing aid. These studies were not
designed with the intention of advocating monaural
fittings (although the evidence base for the additional
benefit accrued from a second hearing aid is still sur-
prisingly sparse); rather, they were undertaken in an
environment of publicly funded health care (the
United Kingdom National Health Service [U.K.
NHS]), for which the norm, at that time, was to pro-
vide adults with one hearing aid. From the perspective
of experimental design, this allows for a within-sub-
ject comparison: the ear with no hearing aid acts as a
matched control condition. A within-subject design is
extremely useful for detecting small but consistent
differences between conditions (in this case, compar-
ing ears with and without a hearing aid) in the face of
large overall differences between subjects.

The general definition of auditory acclimatiza-
tion makes no assumptions concerning the aspects
of auditory performance that may change over time
nor does it make any assumption concerning the
mechanisms by which the auditory information has
been changed; however, it does make it clear that
the improvement in performance is not simply due
to the procedural aspects of the experiment unre-
lated to changes in real-world auditory experience.
Acclimatization can be measured by the change in
relative performance between the ears as a result of
unilateral auditory stimulation: the acclimatization
occurring during test sessions and task learning are
equal for each ear, but they differ in amount of
everyday listening experience.

This tutorial is organized under two headings:
Perceptual Evidence of Functional Reorganization
After Fitting a Monaural Hearing Aid and Evidence
of Physiological Reorganization After Fitting a
Monaural Hearing Aid. Evidence in the perceptual
domain is provided by studies that have investigated
(a) speech perception, (b) intensity discrimination,
and (c) loudness perception. Evidence in the
physiological domain is provided by studies that
have investigated (a) acoustic reflex thresholds and
(b) event-related potentials.

Throughout this article, the ear fitted with the
hearing aid is referred to as the fitted ear, whereas
the ear not normally fitted with the hearing aid is
referred to as the not-fitted ear, the latter being con-
sidered as the control ear. These terms are used to avoid
confusion between the aided and unaided test condition,
which could apply to each ear. On the other hand,

(continued on page 258)
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hearing aid benefit refers to the difference in perform-
ance between the fitted and not-fitted ear.

Perceptual Evidence From the 
Monaural Fitting of Hearing Aids

Speech Perception

Silman, Gelfand, and Silverman (1984) were the
first to report the phenomenon of late-onset audi-
tory deprivation in the not-fitted ear of adults who
have a bilateral hearing impairment but use a hear-
ing aid in only one ear. A monosyllabic speech recog-
nition test was administered before fitting the
hearing aid and again 4 to 5 years after fitting in two
groups of participants who had a mild-to-moderate
bilateral sensorineural hearing impairment. One group
of participants consisted of 44 men (mean age 59
years) who had been fitted monaurally. The second
group consisted of 23 men (mean age 57.9 years)
who had been fitted bilaterally. The test material
consisted of Central Institute for the Deaf W-22
phonetically balanced words presented over head-
phones at 40 dB re: speech reception threshold
(SRT)—defined as the lowest level at which the par-
ticipant is able to score 50% correct. Because the
SRT was about 40 to 50 dB HL, the presentation
level of speech was approximately 80 to 90 dB HL.
Despite no change in pure tone thresholds, there
was a mean decrease of 18.2% in the speech recog-
nition score (SRS) for the not-fitted ear, but there
was no significant decrement in the fitted ear. On
the other hand, listeners who had been fitted with
bilateral hearing aids showed no asymmetry in
speech recognition performance. The stability of the
suprathreshold SRS over a 4- to 5-year period in the
fitted ear might be interpreted as an absence of
acclimatization, but it should be noted that the test
conditions did not simulate the normal hearing aid
condition.

Unilateral auditory deprivation has now been
shown to occur, over a period of years, in adults and
children having a bilateral hearing impairment but
experience of one hearing aid, and in a number of
case studies, recovery has been shown when partici-
pants were refitted with 2 hearing aids (Gelfand,
1995; Silverman & Silman, 1990). However, a large-
scale prospective study reporting incidence, magni-
tude, and time course of the deprivation effect has yet
to be conducted. For a review on late-onset auditory
deprivation, refer to the study by Neuman (1996).

Gatehouse (1989) suggested that the findings of
Silman et al. (1984) might be related to the disparity
in the accustomed level of sound stimulation of the
two ears of listeners using a single hearing aid. An ear
that is accustomed in receiving a high level of stimu-
lation (by virtue of hearing aid use) will acclimatize to
the pattern of cues presented and will be most effec-
tive at analyzing high presentation levels. This
hypothesis was tested in a group of 24 monaurally fit-
ted adults (mean age 54.3 years) with a mild-to-mod-
erate bilateral sensorineural hearing impairment. The
participants were tested after a mean duration of the
use of hearing aid for 4.8 years. They reported wear-
ing their hearing aids, on average, for 8.6 hours per
day. The signal-to-noise ratio (SNR) required to
achieve 50% performance on the four alternative
auditory feature (FAAF) test, as a function of speech
presentation level, was measured. The FAAF test is a
closed-set word discrimination in noise task with no
visual cues, and correct identification is strongly
dependent on the audibility of high-frequency speech
sounds (Foster & Haggard, 1979, 1987). The results
showed the expected improvement in performance for
both ears as the presentation level of speech
increased from 65 to 90 dB SPL; criterion perform-
ance was obtained at a less favorable SNR at high
presentation levels. More importantly, the results
show that a more favorable SNR was required in the
fitted ear at lower presentation levels than the not-
fitted ear (difference of 3.2 dB); in contrast, a more
favorable SNR was required in the not-fitted ear at
high presentation levels compared with the fitted ear
(difference of 3.0 dB). A difference of 3 dB is sub-
stantial and represents an equivalent of around 20%
difference in score because mean performance
changes at a rate of 6% per decibel change in SNR
over the range of 40% to 80% (Foster & Haggard,
1987). The results at the higher presentation levels
replicate the findings of Silman et al. (1984)—that
is, at high presentation levels, the fitted ear per-
formed more efficiently than the not-fitted ear. The
general pattern of findings is shown in Figure 1. The
features of note are: (a) Criterion performance was
obtained with a less favorable SNR at a high presen-
tation level for both ears, (b) criterion performance
was obtained with a less favorable SNR in the not-fit-
ted ear at low presentation levels and in the fitted ear
at high presentation levels, and (c) the change in SNR
with presentation level is larger in the fitted ear. As
there were no baseline measures, it is not possible to
say whether the asymmetry in SNR is because of the
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acclimatization of the fitted ear or the result of the
(relative) deprivation of the not-fitted ear. Although
both ears met criterion performance with a less
favorable SNR at high presentation levels, Gatehouse
interpreted the findings as evidence that the ear
performs most efficiently at a presentation level that
is assumed to represent its normal listening level for
speech.

The definition of auditory deprivation provided in
the Eriksholm Workshop is viewed as being purely
negative: absence of experience results in a decline
in performance. The findings of Gatehouse (1989)
refer to exposure to low instead of high sound levels
rather than an absence of stimulation. Therefore, it
is a matter of perspective whether the not-fitted ear
is being deprived of high-level stimulation or whether
it is being acclimatized to low-level stimulation. It
may also be relevant that the deprivation effect
appears to be confined to suprathreshold abilities:
hearing thresholds and SRTs have not been shown to
decline over time. There may be an advantage in the
not-fitted ear becoming acclimatized to low-intensity
(but audible) sounds and the fitted ear becoming
acclimatized to high-intensity sounds, as this may
extend the intensity range over which the auditory
system is effective (Byrne, 1996). Alternatively, the
smaller range of SNR’s in the not-fitted ear could be
interpreted as a reduced ability of the auditory sys-
tem to operate as effectively as the fitted ear, and this
may be the result of relative deprivation.

Subsequent studies by Gatehouse concentrated
on changes in performance over time in the ear with
hearing aid experience. The results of an elaborate
study by Gatehouse (1992) showed changes in the
aided and unaided condition obtained on 10 occasions

for a period of 12 weeks commencing from the time
of hearing aid fitting. The measurements were limited
to a single 80-item run of the FAAF test. Four new
hearing aid users (age range 55–70 years) partici-
pated in the study. They were typical of first-time
hearing aid users in the U.K. with pure tone thresh-
olds around 30 dB HL at 0.5 kHz and 65 dB HL at 4
kHz. Each participant was fitted monaurally with a
linear instrument. The prescription method was not
reported, but examination of the raw data shows that
compared with the National Acoustics Laboratory
(NAL-R) prescription formula, the real ear insertion
gain (REIG) was approximately 10 and 5 dB higher
than the target at 2 and 4 kHz, respectively. There
was no systematic change in the user-gain setting
after 5 weeks post-fitting. The amount of daily use
made of the hearing aid was not reported, so it is dif-
ficult to know just how familiar the participants were
with amplified speech. The participants were tested
in the sound field and under a variety of headphone
conditions, one of which simulated the electro-
acoustic characteristics of the hearing aid. Using
headphones and a variety of frequency-gain response
conditions (e.g., high frequency emphasis versus flat
response) reduced the possibility of the participant
being motivated to provide a better score with the
condition that simulated the hearing aid.

A schematic that illustrates the general pattern of
findings reported by Gatehouse is shown in Figure 2.
Performance in the fitted and not-fitted ear is shown
in the panels on the left and right, respectively. The
top panels show aided and unaided performance, and
the bottom panels show benefit—that is, the differ-
ence between the aided and unaided scores. The aided
and unaided performance (and benefit) remained
stable in the not-fitted ear. However, in the fitted ear,
there was a statistically significant change over time
commencing from around 4 to 6 weeks after fitting:
there was an increase in the aided score, and a cor-
responding decrease in the unaided score, and this
resulted in an increase in benefit. The initial bene-
fit was about 5%, and this subsequently increased
to nearer 15%. The relatively low benefit obtained
initially appears to be a characteristic of studies that
have reported an acclimatization effect. While the
change in aided and unaided performance was dis-
cussed in the context of the contribution to the sub-
sequent improvement in benefit, the implications for
dependency on the hearing aid were not discussed—
that is, the unaided performance deteriorated over
time in the fitted ear. This finding can also be
observed from the raw data of other studies, such as
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Figure 1. The general pattern of change in SNR for 50% per-
formance as a function of presentation level. The solid and bro-
ken lines correspond to the fitted and not-fitted ear, respectively.
Illustration based on data reported by Gatehouse (1989).
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Cox, Alexander, Taylor, and Gray (1996). This
decrement in the fitted ear is not the same as the
late-onset auditory deprivation that may occur in
the not-fitted ear. It is possible to speculate that the
anecdotal reports that hearing aid users become
dependent on their aids, may be due, at least in part,
to (i) late-onset auditory deprivation in the not-fitted
ear, and (ii) poorer unaided performance in the fitted
ear when the hearing aid was removed.

In 1993, Gatehouse published an article com-
paring performance with two hearing aids of differ-
ent frequency responses for a post-fitting period of
16 weeks. The study involved 36 monaurally fitted
participants with a mean age of 64 years and mean
pure tone thresholds sloping from 31 dB HL at 0.5
kHz to 57 dB HL at 4 kHz. The participants had
been previously fitted with a standard U.K. NHS
linear hearing aid for 12 to 15 months, and it was
assumed that auditory acclimatization would be
essentially complete by this time. This NHS fitting
failed to match the NAL-R targets for REIG by 11,
17, and 20 dB at 2, 3, and 4 kHz, respectively. The
participants were refitted with a new monaural hear-
ing aid that was within 3 dB of the NAL-R target at
2 kHz and within 5 dB at 3 and 4 kHz. In effect, the

study compared differences in high-frequency amplifi-
cation: a limited high-frequency response was compared
with a theoretically more advantageous high-frequency
response. It is not clear how the gain of the hearing
aids were set on each test session, although it is likely
that the U.K. NHS fitting was tested at the user gain
recorded on Week 0, and the new fitting was tested at
the fixed target gain setting. There was no difference in
the patterns of daily use between the two hearing aids
as assessed by simple self-report, although the actual
duration of use was not reported. Measurements were
carried out at Weeks 0, 8, and 16 for both hearing aids
using word-identification performance on the FAAF test
and the Sentence Verification Test (SVT) presented in
a background of noise. The SVT is a speech-in-noise
test, but in addition to scoring word identification, the
response time of the participant to verify that the sen-
tence is silly or sensible is recorded. Therefore, there
were a total of three measures: performance on the
identification of FAAF test and SVT and the response
time on the SVT.

There was no difference in the mean perform-
ance on the FAAF test obtained with the two hear-
ing aids when the new instrument was first fitted.
However, by Week 16, performance with the new
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aided and unaided performance (solid and broken lines, respectively). The bottom panels show the benefit, which is the aided per-
formance minus the unaided performance. The panel on the left and right show the not-fitted and fitted ear, respectively. Illustration
based on data reported by Gatehouse (1992).
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hearing aid exceeded the original fitting by 4.4%,
and this difference was statistically significant. Similar
findings were obtained for both of the SVT measures:
with the original hearing aid, criterion performance
required a more favorable SNR (mean +0.7 dB) and
a longer reaction time (mean +312 ms).

The acclimatization effect has been reported by
others, including Cox and Alexander (1992), Cox et
al. (1996), and Horwitz and Turner (1997). In con-
trast, several studies have failed to show auditory
acclimatization (Bentler, Neibuhr, Getta, & Anderson,
1993; Humes, Halling, & Coughlin, 1996; Humes,
Wilson, Barlow, & Garner, 2002; Munro & Lutman,
2000; Saunders & Cienkowski, 1997; Surr, Cord, &
Walden, 1998; and Taylor, 1993). This has led some
researchers to state that the acclimatization effect is
nonexistent or so small that it is hard to measure
(Turner & Bentler, 1998). For a review, see the arti-
cles by Turner, Humes, Bentler, and Cox (1996) and
Palmer, Nelson, and Lindley (1998). The conflicting
findings suggest that acclimatization may only be
apparent under certain test conditions. There are at
least three possible explanations. First, the listening
environment of the participants may have been
changed little by the use of amplification because of
the (a) mild hearing impairment and low hearing aid
gain (Taylor, 1993) (b) previous hearing aid experi-
ence (Bentler et al., 1993) or (c) limited use of a hear-
ing aid (Bentler et al., 1993; Taylor, 1993). Second,
Robinson and Summerfield (1996) suggest that the
negative findings may be due to the specificity of
perceptual learning; the test methods used may not
be sensitive to changes that had occurred (e.g., bilat-
erally fit participants tested under monaural listening
conditions). Third, findings may only be present on
speech perception tests at certain presentation levels.
Studies showing acclimatization have tended to show
a small initial benefit score (generally less than 5% to
7%), whereas many of the studies that have not
demonstrated acclimatization show a much larger ini-
tial benefit (greater than 10%).

Figure 3 illustrates how the difference in benefit
scores is related to presentation level. This was
based on hypothetical data, but the general pattern
has been reported in many studies, such the
acclimatization study by Munro and Lutman (2003)
summarized below, and illustrates the influence of
presentation level on performance. The filled circles
show the aided scores, and the open circles show the
unaided scores for speech with a fixed SNR.
Performance increases in the unaided condition as

the presentation level increases. This is because a
greater proportion of the speech signal is above
threshold of hearing at these relatively high presen-
tation levels. For simplicity, Figure 3 shows a fixed
level of performance in the aided condition irrespec-
tive of presentation level. This is because audibility
is now limited by the background noise, and the fixed
SNR means that the same proportion of the speech
signal is audible at all presentation levels. Some
studies indicate that performance remains constant
at high speech presentation levels (e.g., Duquesnoy
& Plomp, 1983), whereas others indicate that the
performance is reduced (e.g., Larson, Williams, &
Henderson, 2000; Studebaker, Sherbecoe, McDaniel,
& Gwaltney, 1999). This latter rollover effect is
presumably related to increased upward spread of
masking, resulting in vowels masking consonants.
The studies that have shown an improvement in
performance over time have a small initial benefit
score. This is consistent with a relatively high pres-
entation level (although it is difficult to make direct
comparisons across studies because of differences
in calibration procedures). This suggests that the
acclimatization is related to the presentation level: it
can be measured at relatively high presentation lev-
els but not for relatively low presentation levels. If
this is correct, then auditory acclimatization cannot
be related to changes in audibility per se because
the smallest change in audibility occurs with high
presentation levels.
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Figure 3. Speech recognition scores and presentation level.
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filled circles correspond to the aided condition.
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Munro and Lutman (2003) tested the hypothesis
that auditory acclimatization is greatest at relatively
high presentation levels. This was achieved by measur-
ing aided and unaided speech recognition in 16 newly
aided participants using the FAAF test presented at 55,
62, and 69 dB SPL (to represent quiet, average, and
raised speech, respectively). All participants had a sym-
metrical, mild-to-moderate, sloping, high-frequency
sensorineural impairment and were fitted with a mon-
aural, linear hearing aid set to NAL-RM target values
(Byrne & Dillon, 1986). In reality, the user gain was
typically 4 dB less than the target values at high fre-
quencies. The volume control was disabled for the
duration of the study. The number of participants who
reported using their hearing aids for more than 8 hours
per day was never less than 13 (82%). Four alternative
auditory-feature measures were performed at the time
of fitting and 6 and 12 weeks post-fitting. After 12
weeks of hearing aid experience, the mean benefit
score had increased in the fitted ear by 2.0%, 3.2%, and
5.9% for a presentation level of 55, 62, and 69 dB SPL,
respectively. This change over time was due to an
increase in the aided score and a small reduction in the
unaided score. The corresponding increase in benefit
in the not-fitted ear was less than 1%, irrespective of
presentation level. This pattern of results is similar to
those reported by Gatehouse (1992) and is illustrated
in Figure 2. The results of this study confirm that pres-
entation level is important when measuring acclimati-
zation. The Gatehouse study (1989) also showed a
level-dependent effect.

A summary of an experiment that measured the
acclimatization effects with linear and nonlinear sig-
nal processing was included in an article on outcome
measures by Gatehouse (1998). Although many of the
details related to the experimental design were not
provided in this summary, one observation was that
the acclimatization effect differed with presentation
level: acclimatization was present at a presentation
level of 65 and 75 dB hearing level (SPL) but not at
55 dB hearing level (SPL). This finding is consistent
with the level-dependent effects reported by Munro
and Lutman (2003).

The theoretical and empirical analyses reported
in this section add to our understanding of the con-
ditions under which auditory acclimatization can be
measured: amplifying speech to a new and less
familiar listening level may be required for measure-
ment of acclimatization. Thus, the commonly held
view that acclimatization is due to the participant
learning to make use of newly audible speech
sounds may not be correct.

Intensity Discrimination

Robinson and Gatehouse (1995) investigated the
difference limen for intensity (DLI) in 4 hearing-
impaired participants. The participants (age range 54
to 82 years) had a mean pure tone threshold of 24 dB
HL at 0.25 kHz and 58 dB HL at 3 kHz. Each partic-
ipant had been fitted with a linear monaural hearing
aid for a mean of 2 years and 7 months. The REIG was
0 dB at 0.25 kHz and 19 dB at 3 kHz. The control
group consisted of 5 normal-hearing individuals in the
age range of 18 to 35 years. The DLI was measured
with tone complexes of 0.25 and 3 kHz at 65, 80, and
95 dB SPL. Difference limens were measured using
the gated pedestal method with an adaptive, three-
alternative, and forced-choice procedure for a crite-
rion performance of 71% correct.

The results showed that the fitted ear behaved
differently from the not-fitted ear. At 3 kHz, DLI was
poorer at low presentation levels but better at high
presentation levels in the fitted ear. The simplest
explanation for this finding is that intensity discrim-
ination changed as a result of exposure to amplified
sound. The level-dependent effects parallel the find-
ings of Gatehouse (1989) for speech identification
in noise.

Since it is possible that the asymmetry at 3 kHz
was present before hearing aid fitting, Robinson and
Gatehouse (1996) carried out a prospective study of
intensity discrimination in 5 individuals (age range
38 to 83 years) who were fitted with a monaural, lin-
ear, peak-clipping hearing aid. The participants had
a bilateral sensorineural hearing impairment with a
mean pure tone threshold (in the fitted ear) of 23 dB
HL at 0.25 kHz and 69 dB HL at 3 kHz. The hear-
ing aids were fitted according to the NAL-R target
for REIG. There was a mean of 1 dB gain at 0.25 kHz
(target 0 dB) and 19 dB at 3 kHz (target 19 dB). The
stimuli, equipment, and procedures were the same
as those used in the previous study. Measurements
were carried out at 0 to 4, 6 to 12, and 15 to 18
weeks post-fitting. The results show that immedi-
ately after fitting, there was no difference between
the two ears for either stimulus. At 0.25 kHz, there
was no difference between the ears when the study
terminated at 18 weeks post-fitting. However, at 3
kHz, there was a progressive influence of hearing aid
experience with the difference limen being signifi-
cantly smaller in the fitted ear at high presentation
levels when the study terminated at 18 weeks post-
fitting. This study shows that the fitted ear becomes
progressively better able to discriminate intensity at
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the highest sound pressure level for frequencies that
are normally amplified by the hearing aid. Use of
hearing aid for 15 to 18 weeks was required before
this was observed. There was little or no change over
time at lower sound pressure levels, at frequencies
not amplified by the hearing aid, or in the not-fitted
ear. A schematic summary of the general pattern of
findings is provided in Figure 4. The panel on the
left shows the similarity of the two ears of the uni-
laterally aided participants before fitting. The panel
on the right shows the pattern after unilateral hear-
ing aid use. The results are displayed as Weber frac-
tions: a low value on the ordinate corresponds to
better intensity discrimination.

Loudness Perception

Gatehouse and Robinson (1996) investigated
loudness perception in 4 listeners who had a sym-
metrical sensorineural hearing impairment and were
experienced users of a linear monaural hearing aid.
The participants were between 67 and 83 years of
age, and pure tone thresholds were approximately
30 dB HL at 0.5 kHz and 65 dB HL at 2 kHz. The
REIG was around 3 dB at 0.5 kHz and 25 dB at 2
kHz. Loudness perception was measured at intervals
between fixed anchor points of +12 dB above hearing
threshold and uncomfortable loudness level (ULL).
There was no difference in loudness ratings between
the two ears at 0.5 kHz where the hearing aid made
negligible change to the acoustic environment.
However, there was a statistically significant differ-
ence between the two ears at 2 kHz, where the hear-
ing aid provided material gain—essentially, the
functions were less steep in the fitted ear.

Munro and Trotter (2006) investigated ULL’s in
a group of adults with a unilateral hearing aid. They
hypothesized that ULL’s would be symmetrical pre-
fitting and asymmetrical post-fitting (with increased
tolerance in the fitted ear). There were 12 partici-
pants who were first-time hearing aid users ranging
in age from 47 to 89 years (mean 77 years). They pre-
sented with a symmetrical, high-frequency sen-
sorineural hearing impairment with mean hearing
thresholds of around 40 dB HL at 0.5 kHz and 65 dB
HL at 4 kHz. Participants were fitted with a single
linear hearing aid using NAL gain/frequency response
prescription targets, and maximum power output was
adjusted if there was any report of loudness discom-
fort; however, the user gain and maximum output of
the hearing aids were not recorded. The ULL’s were
measured immediately before fitting the hearing
aid and 12 to 60 months (mean 32 months) after
fitting. Pure tones were presented to each ear sepa-
rately, commencing at 60 dB HL (duration and inter-
stimulus interval of approximately 1 s) and increased
in increments of 5 dB until ULL was reached. The
reported daily use of the hearing aid at the time of the
post-fitting measures was 1 to 16 hours (median
5 hours). Mean ULL’s were similar in both ears
before fitting. After unilateral hearing aid experience,
there was a statistically significant asymmetry with
higher values (i.e., greater tolerance of loudness) in
the ear with hearing aid experience, especially at the
high frequencies (mean difference of 8 dB at 2
and 4 kHz). Munro, Walker, and Purdy (2007) have
since replicated these findings.

The ear-specific nature of the changes is consis-
tent with the specific nature of perceptual learning
frequently reported in the literature (Robinson &
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Figure 4. Illustration showing general pattern of changes in intensity discrimination threshold as a function of sound presentation
level at a frequency that receives amplification. The left and right panels illustrate the findings before and after fitting of hearing aid,
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Summerfield, 1996). For example, studies where
human participants were trained on frequency dis-
crimination (Demany, 1985; Irvine, Martin, Klimkeit,
& Smith, 2000), temporal discrimination (Wright,
Buonomano, Mahnvcke, & Merzenich, 1997), and
sound localization (Wright & Fitzgerald, 2001) tasks
have all shown some degree of specificity to the train-
ing stimulus. The specific nature of perceptual learn-
ing has been reported in other sensory systems:
training on visual discrimination often does not trans-
fer to the opposite eye, to different spatial orienta-
tions, or to different tasks involving the same stimuli
(Fahle & Morgan, 1996; Shui & Pashler, 1992).

All of the foregoing studies have assumed that
the asymmetry in perceptual abilities is a feature of a
dynamic auditory system. However, because most
acclimatization studies have used unilateral (and lin-
ear) fittings, these changes may only be present when
an asymmetry is introduced into the auditory system.
Hamilton and Munro (2007) measured ULL’s in
three groups of participants: unilateral users, bilat-
eral users, and a control group with no previous hear-
ing aid experience. The number of participants in the
unilateral and bilateral group was 50 and 48, respec-
tively. The control group consisted of 54 participants
who were about to be fitted with their first hearing
aid. All participants were elderly listeners with a sym-
metrical high-frequency hearing impairment. The
hearing aid users had a minimum of 2 years of expe-
rience. The ULL’s were measured using the same
procedure as the earlier study by Munro and Trotter
(2006). There was a statistically significant differ-
ence in ULL between the fitted and not-fitted ears:
the mean ULL was around 4 dB higher in the fit-
ted ears. The ULL in the bilateral users was higher
than the control group, and there was an asymmetry
in the ULL in the unilateral hearing aid users.
Therefore, ULL’s are higher in fitted ears irrespective
of unilateral or bilateral fitting. The author could not
be certain that all participants were making regular
use of their hearing aids, so it is likely that 4 dB was
an underestimate of the potential maximum effect.
These findings are consistent with the contention
that a change in perceptual abilities after hearing aid
fitting is a characteristic of a dynamic auditory sys-
tem and is not restricted solely to unilateral hearing
aid experience. Philibert, Collet, Vesson, and Veuillet
(2002, 2005) studied loudness perception in listen-
ers provided with bilateral hearing aids. In the first
study, loudness perception was compared in experi-
enced hearing aid users and in a group of age- and
hearing-matched controls. The experienced hearing

aid users rated sounds as less loud than the controls,
and this difference was statistically significant at
2 kHz. In the second study, loudness perception was
measured repeatedly for the first 24 weeks of hearing
aid use. Moderate- and high-level sounds were rated
as less loud over time, and this was statistically
significant for the high frequencies; however, there
was no control group so it is not possible to rule
out changes due to the practice from repeated test
exposure.

Physiological Evidence From 
Monaural Fitting of Hearing Aids

In relatively recent times, it has become clear
that the sensory areas in the brain of adult humans
retain a significant degree of plasticity (Buonomano
& Merzenich, 1998; Syka, 2002). Changes in the
sensory environment, as a result of deprivation or
stimulation, modify our sensory experience and may
result in experience-related or learning-induced
reorganization within the central nervous system.
Although the earliest evidence was provided from
studies investigating the visual and somatosensory
system, a growing number of electrophysiological and
imaging studies have reported physiological changes
in the adult human auditory system. These studies
have investigated the effects of intensive training
on the normal auditory system (Kraus et al., 1995;
Menning, Roberts, & Pantev, 2000), the effects of
hearing impairment on a previously normal auditory
system (Dietrich, Nieschalk, Stoll, Rajan, & Pantev,
2001; Ponton et al., 2001), and the effect of electrical
stimulation on a deprived auditory system (Purdy,
Kelly, & Thorne, 2001). Refer to the article by
Neuman (2005) for a review of CAS plasticity and
aural rehabilitation of adults.

Hearing aids change the sensory environment by
stimulating a deprived auditory system. Therefore,
hearing aids may change the acoustical environment
sufficiently to induce changes in the auditory system
(either directly or by reversing injury-induced reor-
ganization following hearing impairment). Emerging
evidence is provided in recent studies, which are dis-
cussed in this section.

Acoustic Reflex Thresholds

Although there is a growing body of evidence to
support perceptual changes after fitting unilateral
hearing aid in some elderly listeners, few studies
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have investigated physiological changes in this pop-
ulation. Munro, Walker, and Purdy (2007) investi-
gated both perceptual and physiological asymmetry
in unilateral hearing aid users. They investigated ear
asymmetry in ULL and the acoustic reflex threshold
(ART) in adult humans following long-term use of a
monaural hearing aid. There is a known relationship
between the ULL and the level at which there is a
reflex contraction of the muscles in the middle ear
(Olsen, 1999). Although theories for the existence of
the middle-ear reflex are unresolved, if the ART is
elevated along with the ULL, then this would pro-
vide direct evidence of adaptive plasticity in the
adult auditory system.

Uncomfortable loudness level and ART’s (ipsi and
contralateral) were measured in 16 elderly listeners
(9 men and 7 women; age range 68 to 87 years) who
had a symmetrical age-related hearing impairment
and were experienced users of a monaural hearing
aid. The median duration of use was 3 years (range
1 to 25 years), and the median self-reported daily use
was 10 hours (range 4 to 16 hours). All participants
were using a nonlinear hearing aid that provided most
amplification at the high frequencies when the hear-
ing impairment was greatest. Mean REIG was around
20 dB. Uncomfortable loudness levels were obtained
by presenting pure tones to each ear separately at 60
dB HL (duration and interstimulus interval of approx-
imately 1 s) and increasing in increments of 5 dB
until the listeners indicated that the threshold of dis-
comfort had been reached. Acoustic reflex thresholds
were obtained by presenting pure tones at 70 dB HL
and increasing in increments of 5 dB. The presence
of an acoustic reflex was established by confirming an
increase in reflex growth when the eliciting signal was
increased from the estimated ART to ART + 5 dB. The
level was then reduced by 10 dB, and the ascending
sequence was repeated to verify the lowest level
required to elicit a decrease in middle-ear compliance
of at least 0.2 mL. The results showed that the mean
ULL’s and reflex thresholds were higher in the fitted
ear by +2 to +9 dB, depending on frequency. The
asymmetry was greatest at the high frequencies, and
this was almost certainly underestimated at 4 kHz
because it was not always possible to measure a reflex
in the fitted ear. Elevation of the ART occurred in the
ear with hearing aid experience irrespective of the ear
of stimulation.

Because the pathways for the acoustic reflex lie in
the auditory brainstem (Borg, 1973), the findings of
Munro, Walker, and Purdy (2007) suggest that hear-
ing aids can induce physiological changes in the adult

auditory brainstem. This finding is somewhat unex-
pected because the general form of auditory reorgani-
zation in adults is an expanded representation for
lesion-edge frequencies at the level of the auditory cor-
tex (Rajan & Irvine, 1998). On the other hand, there
is growing evidence for experience-related molecular
and cellular changes at the brainstem level in the adult
auditory system and somatosensory system (Illing,
2001; Illing & Reisch, 2006; Xu & Wall, 1999).

It is possible that there is a cascade of changes
ascending from the peripheral to the CAS. Alterna-
tively, there may be top-down influences via efferent
pathways. The ascending limb of the acoustic reflex
pathway includes the primary auditory neurons and
the cochlear nucleus neurons. The mode of transfer
of this information to the motor neurons involves an
intermediate neuron at the level of the medial supe-
rior olivary complex. There are tonotopically organ-
ized efferent connections to the superior olivary
complex from higher centers, including the inferior
colliculus (Borg, 1973). This means that the inferior
colliculus is capable of exerting frequency-specific
effects on the superior olivary complex. The elevated
reflex thresholds measured in the ear with hearing
aid experience, irrespective of the ear of stimulation,
is important as this shows that adaptive changes to
the efferent pathways may have influenced the
ascending limb of the reflex pathway on the fitted
side. Khalfa, Bougeard, and Morand (2001) examined
the influence of the efferent system on peripheral
auditory function after cortical lesions in humans
with intractable epilepsy. They noted that the olivo-
cochlear system was less functional after surgery,
especially on the side contralateral to the lesion. In
other patients, the olivocochlear system became more
effective on the side ipsilateral to the lesion. Thus, the
efferent system appears to mirror the afferent path-
ways, and there is evidence of peripheral amplitude
modulation by the auditory cortex in humans.

Event-Related Potentials

Gatehouse and Robinson (1996) measured the
amplitude of the N1-P2 complex in a single adult
with a moderate, symmetrical high-frequency hear-
ing impairment who received high-frequency ampli-
fication from a monaural hearing aid. The stimuli
consisted of low- and high-frequency tones over a
range of presentation levels. There was no difference
between ears for the low-frequency stimulus when
the hearing aid provided no material amplification.
However, the high-frequency stimulus resulted in a
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larger amplitude response in the fitted ear at high
presentation levels but a smaller amplitude response
at low presentation levels. Likewise, this pattern of
high-frequency asymmetry was present on percep-
tual tasks. The subject showed a steeper loudness
function in the fitted ear at high presentation levels.
On the  other hand, the fitted ear was better able to
discriminate intensity at high presentation levels but
not at low presentation levels. This was a single case
study with no baseline measures before the hearing
aid was fitted; arguably, it may be the first direct evi-
dence of perceptual and neurophysiological asymme-
try in a long-term user of a monaural hearing aid.

To further explore the possibility of hearing aid
induced physiological changes at the level of the
brainstem, Munro, Pisareva, Parker, and Purdy
(2007) investigated ear asymmetry in the auditory
brainstem response (ABR) in adult humans after
long-term use of a monaural hearing aid. It was
hypothesized that the latency may be shorter and/or
amplitude may be greater in the fitted ear because
exposure-induced plasticity results in better neural
synchronization and/or greater neural activation. The
ABR was recorded from two groups of participants.
One group of 9 participants (7 men, 2 women) with
a mean age of 69 years (SD ± 9.0) had yet to be fit-
ted with a hearing aid. A second group of participants
(4 men, 4 women) with a mean age of 64 years (SD
± 7.6) were long-term users of a nonlinear monaural
hearing aid (minimum 2 years of experience and self-
reported daily use of greater than 5 hours). The mean
hearing thresholds for both groups were close to 20
dB HL at 0.5 kHz and 60 dB HL at 4 kHz. The REIG
was around 16 to 18 dB at the higher frequencies,
where the hearing-impairment was greatest (0.5 kHz,
0 dB ± 7 dB; 1 kHz, 9 ± 6 dB; 2 kHz, 16 ± 4 dB;
4 kHz, 18 ± 7 dB). Stimuli consisted of 0.1 ms rar-
efaction rectangular clicks presented monaurally at
70, 80, and 90 dB nHL. The peak-to-peak amplitude
and absolute latency of the dominant waves were
recorded. There was no statistically significant differ-
ence between the right and left ears of either group,
nor was no statistically significant interaction
between ear and presentation level. The data from
the experienced monaural hearing aid users were
then categorized according to the hearing aid ear (fit-
ted or not-fitted ear). The mean latency data were
similar for the fitted and not-fitted ear. However, the
mean peak-to-peak amplitude data for wave V to SN10

were higher in the fitted ear at 70 and 80 dB nHL.
The amplitude reaches an asymptote in the fitted ear
around 80 dB nHL, and as a result, the difference

between the two ears disappears at 90 dB nHL. The
simplest explanation for this finding is that physio-
logical changes occurred as a result of experience to
amplification, although a prospective study has yet
to be reported.

Recordings from humans and animals suggest
that the neural generator for wave V is the lateral lem-
niscus and for the SN10 is the inferior colliculus (IC),
both contralateral to the stimulated ear (Moller &
Jannetta, 1982; Moller, Jannetta, & Jho, 1994). There
is evidence of plasticity occurring at the level of the
IC in adult animals. For example, Willot et al. (2006)
has shown reorganization of the IC and the auditory
cortex in fast-ageing mice that have an accelerated
high-frequency hearing impairment. Almost all
ascending pathways synapse in the IC; hence, this
represents a site of convergence of information that
has been processed in parallel in the different brain-
stem nuclei. The convergence of activity from lower
levels in the pathway, or the complex neural circuitry
of the IC, may explain why reorganization is apparent
at this level of the auditory pathway. The acoustic
reflex study by Munro, et al. (2007a) mentioned ear-
lier showed an asymmetry in the acoustic reflex path-
way. The SOC probably contributes to wave IV of the
ABR, but this wave is not always present in humans
and was not reliably present in the participants used
in the ABR study. In a study of similar design,
Hamilton (2007) reported that the mean amplitude
showed a nonsignificant trend of higher amplitude in
the fitted ear. There was a statistically significant
difference in mean latency with earlier values in the
fitted ear. When participants identified as poor users
were removed from the analysis, the asymmetry
became larger. A previous study investigated the ABR
in bilateral hearing aid users (Philibert et al., 2005).
No amplitude changes were reported although the
latency of wave V reduced by a mean of 0.2 ms on
the right side, compared with the time of fitting,
but remained unchanged on the left side. This is a
difficult finding to explain given that hearing was
symmetrical before and after the bilateral hearing
aid fitting.

The processes by which reorganization occurs
after a change in sensory input is not well understood
(and it is not clear whether these are the same for
deprivation and stimulation). Eggermont (2006) has
suggested that a hearing-loss deprivation may result
in a cascade of events commencing with a change in
excitatory–inhibitory inputs (because of unmasking)
followed by a change in synaptic strength (as a result
of use-dependent changes), and then structural
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changes with the formation of new synapses and
sprouting of axons.

Although it is generally accepted that there is a
link between brain physiology and behavior, it is not
clear how reorganization within the CAS equates to
perceptual changes. A conceptual framework that
may explain why changes in performance can occur
following regular use of a hearing aid is shown in
Figure 5. The normal relationship is shown in Figure
5a with conversational speech (S; left column) being
mapped to the middle of the neural representation of
the signal in the intensity domain (S; right column).
This mapping is represented by the horizontal line
connecting the two columns. The purpose of the
shaded area is to show that neural resources are con-
centrated around the position of conversational
speech within the CAS. In a listener with a long-
standing hearing impairment, the level of conversa-
tional speech is unchanged, although the speech
signal is now attenuated by the peripheral auditory
system. As a result, speech is located in a different
position within the CAS (as shown by the downward

facing arrow in Figure 5b). However, reorganization
has occurred within the CAS so that resources have
become concentrated at the lower end of the neural
representation to reflect the position of conversa-
tional speech within the auditory range of the lis-
tener. Immediately after provision of amplification,
the input level of conversational speech increases,
and this alters the location of speech within the
intensity domain (as shown by the upward facing
arrow in Figure 5c). A hearing aid will confer imme-
diate benefit through the provision of new audible
information. However, there is a mismatch between
the concentration of neural resources located at the
lower end of the intensity domain and the external
speech signal. After a period of hearing aid experi-
ence, there is reorganization of the neural map to
accommodate the shift in the intensity domain; neu-
ral resources become concentrated at a higher posi-
tion in the intensity domain where speech is located
(as shown in Figure 5d). It is possible that subse-
quent improvements in performance are the result of
this reorganization.

Speech Intensity Speech Speech

U U U U U U U U

S S 

S S S S S 

T T T

S 

T T T T T

Speech Intensity Intensity Intensity

d] Longstanding fittinga] Normal-hearing b] Longstanding impairment c] Immediately after fitting

S

S

S

Figure 5. Conceptual framework showing the mapping of the external speech signal and its neural representation along the inten-
sity domain. The symbols T, U, and S represent the sound pressure level at threshold, uncomfortable loudness level, and conversa-
tional speech, respectively. The normal relationship is shown in (a). After a longstanding hearing impairment, the neural
representation acclimatizes (b). Immediately after fitting, there is a mismatch between the concentration of neural resources in the
intensity domain and the location of speech within the CNS (c). After regular use of a hearing aid, the neural representation reac-
climatizes so that the concentration of neural resources within the CNS occurs for speech (d).
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The dependence of acclimatization on presenta-
tion level can be rationalized as follows. Consider a
listener who experiences speech in everyday life in the
range of 55 to 75 dB SPL before fitting and 75 to 95
dB SPL after fitting (i.e., the hearing aid provides 20
dB linear gain). For simplicity, the shape of the gain
frequency response curve is not considered here. If
speech test materials are presented at 55 dB, they are
amplified to 75 dB; hence, there is little difference
compared with that experienced before amplification,
that is, amplified soft speech falls within the upper
boundary of neural representation. However, if mate-
rial is presented at 70 dB and amplified to 90 dB, this
reaches a level that is unfamiliar. The organism must
adapt and reorganize to discriminate and use the
speech cues that are now coded into an unfamiliar
part of the intensity domain. In the foregoing exam-
ple, reorganization would be required to discriminate
speech presented at 70 dB but not at 55 dB. Dean,
Harper, and McAlpine (2005) have shown that neu-
rons in the auditory midbrain are mutable and
improve their coding of sound levels by rapidly adjust-
ing their sensitivity to the local auditory environment.
As the fitted ear becomes more experienced at listen-
ing to higher sound levels, the auditory neurons may
become more effective at coding high-level stimuli.

If this explanation is correct, then the neuro-
physiological changes are a feature of a dynamic audi-
tory system: these changes could potentially occur in
listeners with normal hearing who are regularly
exposed to a high sound pressure level.

Formby, Sherlock, and Gold (2003) showed
changes in loudness tolerance in normal-hearing
listeners who wore earplugs or low-level noise gen-
erators for 2 weeks. After wearing earplugs, the ULL
reduced by around 8 dB: after using noise genera-
tors, the level at which sounds became uncomfortably
loud increased by about 8 dB. Likewise, although
acclimatization effects are commonly reported as a
high-frequency phenomenon, it is hypothesized that
these changes will occur at any frequency that is
modified by amplification.

The clinical implications of CAS reorganization
with respect to hearing aid use are unclear (Willott,
1996). It is probably misleading to assume that all
reorganization is beneficial. One of the most dramatic
examples of CNS plasticity is the reorganization that
occurs in the sensory map within the cortex following
limb amputation and phantom limb pain (Yang, Gallen,
Schwartz, & Bllom, 1994). Tinnitus can be considered
as analogous to phantom limb pain (Salvi, Wang, &
Ding, 2000; Weisz, Wienbruch, Dohrmann, & Elbert,

2005). These examples of perceptual consequences
of reorganization are regarded as undesirable. On the
other hand, reorganization may form the basis for
desensitizing sound therapies used in treating hyper-
acusis and related sound-tolerance problems (Formby
et al., 2003).

Conclusion

A growing number of studies have reported per-
ceptual changes in the adult human, and there is
now emerging evidence of changes in the physiolog-
ical domain.

These recent findings are important because not
only do they corroborate the behavioral findings
using objective test procedures they also help us to
understand the mechanism underlying the phenom-
ena of auditory deprivation and auditory acclimatiza-
tion. There is irrefutable evidence that the deprived
auditory system of some listeners can be modified by
hearing aid experience. The use of hearing aids can
provide a useful route to explore the nature and
extent of reorganization in adults. Prospective stud-
ies are now required that investigate the dynamic
properties of the adult central auditory system, the
perceptual consequences of any reorganization, and,
ultimately, to determine whether these changes are
of benefit to the patient. We continue to benefit from
the prescience of Stuart Gatehouse and, in particular,
the multidisciplinary nature of the first Eriksholm
Workshop that he organized.
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